As part of the National Bureau of Standards (NBS) program to develop methods for characterizing waveform recorders and other wide-band devices a number of step generator or waveform standards have been developed, using various techniques. For example: The step generator described in [1] and [2] employs very fast, precision Schottky diode switching circuits to obtain an output step from +0.50 to 0.00 V with a transition duration of 600 ps. Reference [3] describes the development of a solid-state waveshaping filter that yields a transition duration of 400 ps, when the filter is excited by a tunnel diode step generator.' The voltage step generation described in this paper complements the above step generators. It has a considerably longer transition duration, but has the following fea1These three papers also briefly describe or reference other pulse generators or waveform standards that have been developed for testing high-speed instruments.
U.S. Government work not protected by U.S. copyright A laboratory model of the pulse generator output circuit is shown in Fig. 3 . Its dimensions are approximately 7.6 X 7.6 X 3.2 cm, excluding connectors, and its weight is 200 g. A 7.6 X 7.6 X 1.9-cm chassis made of 0.025-cm-thickness brass was used for component mounting. Except for the connectors, the discrete components were mounted on both sides of the 7.6 X 7.6-cm plane of the chassis, using miniature teflon feedthrough terminals and direct soldering to the chasis. Two small printed circuit boards were used for the TTL buffers. The protective covers are made of plastic instead of metal to minimize weight and component capacitance to ground. No electromagnetic interference has been experienced in laboratory use with this construction.
IV. MEASUREMENT METHODS
The voltage transistions from the step generator can be divided into two parts: 1) the latter 1-2 percent of the transition in which differential voltage measurements are made between V(t) and the "final" value, using ST measurement techniques; and 2) the part that proceeds it, in which the measured values of voltage have some estimated maximum error e,,, relative to the "true" values of V(t). For small capacitive loads, the rate of change of V(t) from the step generator is in the order of 1000 V/ps. The estimated uncertainty e,m in measuring voltages that change this rapidly is approximately ±(2 percent [8] and 12-bit [9] D/A converters (DAC's) as short as 5 and 35 ns, respectively, to within 1/2 least significant bit (LSB). Peak detector circuits have been used at NBS as an independent check on ST measurements as short as about 10 ns. Some applications of this circuit are described in [10] .
A version of the SVT, peak detector circuits, and a sampling oscilloscope were used to characterize the output waveforms of the step generator described in this paper. For the purpose of comparing the results from these methods of measurement, all measurements were made on the positive transition for the 50-and 125-Q2 outputs (see waveform in Fig. 4) .
The SVT consists of a high-speed sampling comparator and a voltage integrator in a feedback loop, and can be represented by Fig. 5 . The strobe pulses, 5-to I 0-ns wide, cause the input waveform f(t) to be sampled (compared with the output voltage VD of the integrator) at instants in time coinciding with the trailing edges of these pulses. Assume that the period of f(t) is T and that the value f(t1) is to be measured. Then, the strobe pulses must be timed to sample f(t) at times tl, t, + T, t, + 2T, * * -.
The result of these comparisons is to drive VD positive or negative until it nearly equals the value of f(t) at the instants of comparison. If some other value of f(t), say f(t2), is to be measured, f(t) must be sampled at times t2, t2 + T, t2 + 2T, * * *, etc. 2Based on measurements using the NBS Automatic Pulse Measurement System (APMS) [4] , [5] . Step-generator function block is actually generator output circut. The SVT (labeled comparator/integrator) was employed in the automatic measuring system shown in Fig. 6 , with the delay generator programmed to have delay steps (increments) of 0.5 ns. The maximum allowable voltage range for the comparator in the SVT is ±3 V. Fig. 7 is a plot of a -3 to +3-V transition of the step generator, when loaded with 30-pF capacitance, a typical input capacitance for waveform recorders. Based on tabulated DVM readings, the transition duration (10-90-percent rise time) was This permits the latter part of a transition to be examined, using a sensitive range of the oscilloscope. Since the minimum battery voltage is 1.4 V and the diode forward drop is -0.3 V, the ST of the 2-V output was obtained using approximately a -0.3 to + 1.7 V transition. Fig. 9 shows a ST measurement of a 2-V transition from connector L, using a peak detector with negligible input capacitance (-3 pF) and a calibrated sensitivity of 0.25 percent of FSR/cm. The sweep speed was 10 ns/cm. The measured ST, approximately 12 ns to within 0.2 percent of FSR, was used as a check on a similar measurement using a sampling oscilloscope with a 50-Q2 input impedance. For the latter measurement, connector VL was shunted with a 56-Q resistor to obtain a 50-Ql output impedance. This decreases the FSR to 1.11 V, as was discussed previously. Fig. 10 shows that the ST is approximately 10 ns to with 0.2 percent of FSR.
V. CONCLUSION A pulse generator has been designed which has very fast, smooth transitions between programmable initial and final levels. These levels are selectable within the range of ± 1 V for a 50-Q2 termination and within ±5 V for a high-impedance load. An SVT circuit has been used to measure the voltages during these transitions. These measurements indicate that the transitions are monotonic, settle smoothly to within ±0.02 percent of FSR, and are approximately exponential in shape. Peak detector measurements confirm the smooth settling to selectable settling errors ranging from 2 to 0.02 percent. At this time, insufficient information is available on the SVT circuit to estimate its measurement accuracy on voltages changing at rates in the order of 1000 V/ps. Therefore, it is planned to characterize the fastest part of the step generator transitions using the APMS. The estimated APMS accuracy is ±(2 percent of FSR + 3 mV); however, its range is limited to ±500 mV and its input impedance is 50 Q2. In order to measure larger voltage ranges from higher impedance sources, without using voltage dividers, efforts will be made to determine the SVT measurement accuracy for very fast waveform.
